One of NASA's objectives is to be able to perform a complete pre-flight evaluation of possible cardiovascular changes in astronauts scheduled for prolonged space missions. Blood flow is an important component of cardiovascular function. Lately, attention has focused on using computational fluid dynamics (CFD) to analyze flow with realistic vessel geometries. MRI can provide detailed geometrical information and is the only clinical technique to measure all three spatial velocity components. The objective of this study was to investigate the reliability of MRI-based model reconstruction for CFD simulations. An aortic arch model and a carotid bifurcation model were scanned in a 1.5T MRI scanner. Axial MRI acquisitions provided images for geometry reconstruction using different resolution settings. The vessel walls were identified and the geometry was reconstructed using existing software. The geometry was then imported into a commercial CFD package for meshing and numerical solution. MRI velocity acquisitions provided true inlet boundary conditions for steady flow, as well as three-directional velocity data at several locations. In addition, an idealized version of each geometry was created from the model drawings. Contour and vector plots of the velocity showed identical features between the MRI velocity data, the MRI-based CFD data, and the idealized-geometry CFD data, with mean differences <10%. CFD results from different MRI resolution settings did not show significant differences (<5%). This study showed quantitatively that reliable CFD simulations can be performed in models reconstructed from MRI acquisitions and gives evidence that a future, subject-specific, computational evaluation of the cardiovascular system is possible.
INTRODUCTION
In February of 2004 the National Aeronautics and Space Administration (NASA) released a report titled "The Vision for Space Exploration" that sets the year 2015 as a target date for conducting an extended human expedition to the moon. This moon mission and other subsequent missions will serve as a test platform to develop the technology to eventually conduct human expeditions to Mars and beyond. 1 One of the major challenges that must be overcome prior to this date, and a priority of NASA, is to identify and study possible risks to astronauts' health that will be encountered during prolonged space missions. 2 One of NASA's aims is to develop a procedure that would allow for the pre-flight evaluation of the cardiovascular systems of potential astronauts, in order to determine how each individual's cardiovascular system will be affected by the stresses encountered during a prolonged space mission. In order to be able to make this prediction, a computational model must be constructed based on each individual's specific anatomy and physiology which will be subjected to the stresses that an astronaut would face. Currently a method for building such a model of a subject-specific cardiovascular system does not exist.
Several recent studies investigating the role of blood flow in the development and progression of atherosclerosis have reported efforts to use medical images to construct computational models of either in vitro flow phantoms or in vivo blood vessels and determine the flow characteristics through the use of computational fluid dynamics (CFD) software. Many of these studies have focused on the carotid artery bifurcation [3] [4] [5] [6] [7] [8] [9] , and some on the other major vessels of the cardiovascular system, such as the ascending and descending aorta [10] [11] [12] and the abdominal aortal [13] [14] [15] , using images of MRI is the only modality to provide both the geometric information required to construct the models as well as the three directional velocity data required to provide accurate boundary conditions and validate the CFD simulations. The main goal of the present work was to investigate the reliability of CFD results for models constructed from MRI data of the model geometry and the flow boundary conditions. A non-planar aortic arch glass phantom and a planar carotid bifurcation glass phantom were imaged under steady flow conditions. Computational models were then reconstructed from the images and solved using a commercial CFD package. The CFD results were compared to MRI velocity measurements both qualitatively and quantitatively in order to determine the accuracy of the computational models. In addition, idealized computational models were constructed for both phantoms using only the drawings of the models as supplied to the manufacturer of the glass phantoms in order to determine whether the MRI-generated models are more accurate in predicting the true flow patterns and localized velocities.
METHODOLOGY

Flow Phantoms
A model of the aortic arch ( Fig.1 ) and a model of the carotid bifurcation ( Fig.2) , made of glass (Technical Glass Products Inc, Painseville, OH), were used in the study. The aortic phantom had a constant inner diameter of 2.5 cm (1.0"). The arch was non-planar (20-degree out of plane), with a 1.9 cm radius of curvature. The carotid phantom was planar with an inner diameter of 1.6 cm (5/8") in the common carotid vessel and 1.3 cm (1/2") in the braches. A 1.9 cm long and 1.9 cm-inner diameter bulb was made in one branch of the phantom. The angle between the branches was 60°. 
MRI Imaging
Both phantoms were imaged using a 1.5 Tesla Sonata MRI Scanner (Siemens Medical Solutions, Erlangen, Germany) to obtain the geometric data for the computational reconstruction of each model, as well as the velocity data for the boundary conditions in the CFD simulations and for the validation for the CFD results. All acquisitions were performed using gradient-echo sequences. To geometrically reconstruct the aortic arch model, 20 contiguous transverse images (slice thickness 5 mm) were acquired in the ascending and descending portions of the model. To reconstruct the arch, 35 double oblique slices (3 mm thick) placed in a radial configuration were acquired with each one being locally perpendicular to the vessel axis. Two matrix sizes (256x256 and 512x512) were used for a field of view (FOV) of 256x256 mm 2 . This translated into a pixel size of 1.0x1.0 mm 2 and 0.5x0.5 mm 2 , respectively. The geometric image acquisition for the carotid model was simpler. A total of 24 transverse slices (5 mm thick) and one centerline, 3 mm thick, coronal slice were sufficient to accurately reproduce the geometry. The matrix size was 256x256 with a field of view of 256x256 mm 2 .
In the aortic model, three-directional magnetic resonance phase velocity mapping (MRPVM) acquisitions were performed at 7 axial locations. Fig.3 shows 6 of these locations. The velocity was also measured at the inlet of the model to provide the inlet boundary condition for the CFD simulations. Finally, a coronal slice provided the threedirectional velocity along the horizontal centerline of the ascending part and a double oblique sagittal slice provided the velocity along the descending part. The slice thickness of these velocity acquisitions was 3 mm and the FOV 256x256 mm 2 . The shortest TR and TE values were used for each acquisition. The velocity encoding (Venc) values was set at 30cm/s for all acquisitions A total of 11 three-directional axial MRPVM acquisitions were performed in the carotid bifurcation phantom. Ten of these locations can be seen in Fig.4 . In addition, a transverse acquisition was done at the inlet of the model and, finally, a coronal acquisition was done along the centerline of the phantom. The imaging parameters were the same as those used in the aortic model, except that a Venc value of 60 cm/s was used when the flow rate was 1.7 L/min.
Geometric Image Processing and Model Reconstruction
All of the images containing the geometric information from both phantoms were processed using ImageJ (National Institute of Health) in conjunction with the plug-in Spline Snake (Matthews Jacob, University of Illinois at Urbana Champaign) 16 in order to segment the lumen boundary within each image. The X, Y, and Z coordinates generated using Spline Snake were imported on a slice-by-slice basis into the 3D modeling software Rhinoceros (Robert McNeel and Associates, Seattle WA). A closed curve was fit to the imported points, and a smoothing algorithm was applied to the resulting curve. In the case of the aortic phantom, once all of the curves were created, a surface was lofted through them and a second smoothing algorithm was applied to smooth the surface. In the case of the carotid bifurcation phantom, a similar method was used with the addition of interpolated curves to connect the parent vessel (common carotid) to the daughter vessels. Once the surfaces of the vessels were created, they were exported to the commercial CFD preprocessor CFD-GEOM (CFDRC, Huntsville, AL). The idealized models of the flow phantoms were constructed in CFD-GEOM using the dimensions in the drawings also supplied to the glass manufacturer. No smoothing algorithms or special treatment was needed for these idealized models.
All models were meshed in CFD-GEOM using an unstructured tetrahedral mesh. The unstructured tetrahedral mesh was applied in a two-step process. In the first step, the meshing algorithm created an isotropic surface triangulation on trimmed NURBS surface. In the second step, the algorithm used a hybrid Delaunay/Advancing-Front technique to generate a tetrahedral grid within the model. Several meshes were generated for each phantom in order to test the computational models for grid dependency and to allow for the comparison of the models generated from MRI data to the idealized models generated from the drawings. The MRPVM data were processed using the software package Transform (Research Systems; Boulder CO). The information in the phase images was converted to velocity using their linear relationship (eq.1):
Velocity (cm/s) = (Phase Value -2047)*Venc/2047 (eq.1)
The velocity information obtained in this processing step was used to set the inlet boundary condition for both computational models as well as to provide the information necessary to validate the computational models using the MRI velocity data as reference.
Computational Fluid Dynamics Simulations
The continuity and Navier-Stokes equations were solved with the commercial CFD software package CFD-ACE (CFDRC, Huntsville, AL) which uses the finite volume method. The inlet boundary condition for both models was obtained directly from the MRI velocity acquisitions at the inlets of both models. The measured velocity profile at the inlet was converted into an array and imported as raw data into the CFD-ACE solver. The data were then fit to the inlet face and the individual boundary cells of the computational model using a linear interpolation algorithm. The inlet array for the aortic model contained 451 data points. The inlet array for the carotid model contained 145 data points. Water was set as the working fluid (density = 997 kg/m 3 , viscosity = 0.000855 kg/m⋅s). The reference pressure was set to atmospheric. The outlet boundary conditions were set at a constant pressure equal to the reference or atmospheric pressure.
RESULTS AND DISCUSSION
Geometric Accuracy
The geometric accuracy of the computational models constructed from MRI was determined by comparing the local diameter values at various cross-sections of the reconstructed models in Rhinoceros to the corresponding diameter values seen in the images using ImageJ. These diameter values were also compared with actual measurements taken where possible in the straight sections of the models. The diameter values of the reconstructed models agreed closely with the diameter values measured from the images (difference <0.5 mm or <4%). Diameter measurements in the glass models agreed with the corresponding computational values to within 6%. CFD results from different MRI resolution settings did not show significant differences (<5%).
Accuracy of Velocity Solutions
The accuracy of the CFD results for both phantoms was first evaluated qualitatively by visually comparing the flow patterns of the MRI measurements to the flow patterns generated by CFD. The vector plots of the in-plane velocity components corresponding to the locations of velocity data acquisitions shown in Figs. 3 and 4 were compared to the corresponding MRI-generated vector plots. Figs.5-7 show good qualitative agreement between the MRI-measured flow patterns and the CFD-generated flow patterns in the aortic model. In Fig.5 , the flow patterns observed immediately before the top of the arch (slice location 3, Fig.3 ) show higher velocity activity along the outside wall, with the top half of the fluid moving anti-clockwise and the bottom half moving clockwise (characteristics of Dean flow). The vortices are not equal in size, mainly because of the non-circular cross-section and the non-planarity of the arch. At the top of the arch (Fig.6) , there is a similar overall agreement between MRI and CFD. There is a predominant left to right flow with a small vortex at the bottom right of the slice. Fig.7 confirms the agreement between MRI and CFD in a slice taken along the centerline of the descending portion of the phantom (Fig.7) , displaying a zone of low flow activity immediately downstream from the arch. Good qualitative agreement is also seen in the case of the carotid bifurcation model (Figs.8-10 ). In both branches (Figs. 8 and 9), both the idealized-geometry and the image-based CFD results show the formation of vortices as a result of curved flow, with high activity along the inner walls (the reader looks the cross-sections from the downstream) of the Fig.10 shows close qualitative agreement between CFD and MRI results in a plane along the centerline of the bifurcation. High velocity activity is observed along the inner walls of the daughter vessels, with lower velocity values along the outer walls of the bifurcation.
The quantitative agreement between CFD and MRI was evaluated by comparing the CFD and MRI velocity profiles every 10 mm along the centerline of both the aortic (Fig.11 ) and the carotid (Fig.12 ) models. Overall, the CFD flow profiles showed similar trend to the MRI profiles. Both the idealized-geometry and the MRI-based CFD simulations correctly (using the real MRI flow profiles as reference) showed that the flow profiles in the ascending vessel had higher outer wall inner wall inner wall outer wall magnitudes along the left-hand side wall and flattened out closer to the arch. Both CFD models also correctly showed that, in the arch (45° left or slice location 2 in Fig.3 ), the flow profiles flattened out and then started showing higher velocities along the outer wall of the curvature and further downstream in the descending part. In the carotid phantom, the computational models were also successful in describing the shape of the centerline velocity profiles. Both the idealized-geometry and the MRI-based CFD simulations correctly (with the MRI data as the reference) showed that the flow tends to become parabolic-like in the parent vessel before taking on an "M" shaped immediately before the parent vessel splits into the two daughter vessels. CFD also correctly showed that after the split the velocity profiles become skewed with higher velocities occurring near the inside wall of each of the branch vessel. The degree of skewness decreases as the flow approaches the outlet of the model. The models were simplified reproductions of the in-vivo situation and, as such, they were relatively easy to reconstruct. Nevertheless, even with complicated realistic in vivo geometries, MRI seems to be the imaging method of choice to obtain the geometry and velocity data for model reconstruction. The greatest difficulty that arises in using this method is the large number of images required to accurately reconstruct a specific geometry and thus the time needed for data acquisition. In this study, fifty-five images were acquired to reconstruct the aortic phantom. The acquisition time for obtaining these images under ideal conditions was longer than one hour. In the clinical situation, more images may be required in order to incorporate the highest degree of detail into the model and obtain the most accurate simulations. This problem will be overcome with the continuous progress in MRI hardware and software, which continuously reduce the image acquisition time. One of the difficulties when trying to compare the individual components of velocity measured with MRI to those determined by CFD is that the components are not generated using the same coordinate system. In addition, adjustments in the CFD data representation have to be made to take into account that the MRI velocity data are averaged data within a slice.
Despite all potential problems and limitations, the above results indicate that CFD can accurately predict or reproduce the flow patterns and velocity distributions seen in blood vessel models both qualitatively and quantitatively, and it has the potential to become a pre-flight evaluation tool to predict flow-related cardiovascular changes during prolonged space missions.
CONCLUSIONS
The results of this study indicate that MRI-based computational fluid dynamics can be used to accurately model flow patterns in blood vessels both qualitatively and quantitatively. MRI, with its unique ability to provide not only the geometry of a vessel, but also the three-directional velocity of blood has the potential to offer all necessary anatomical and velocity information which is needed in order to perform the CFD simulations. The above work represents the first promising step in a series of steps toward the development of a pre-flight evaluation tool to predict subject-specific cardiovascular changes during prolonged space missions.
